Abstract. Chirped fiber Bragg grating (CFBG) sensors were embedded within the adhesive bondline of single-lap CFRP-GFRP bonded composite joints. The effect of disbond propagation (as a consequence of fatigue loading) on the reflected spectra from the CFBG sensor has been studied. As the disbond propagates, thermal strains generated during the bonding of the joint at elevated temperature are released and, as a consequence, a peak in the reflected spectra of the CFBG sensor can be seen. Using a transparent GFRP adherend, it has been possible to demonstrate that there is reasonable agreement between the position of the peak in the reflected spectrum and the disbond front position in the bonded joint.
Introduction
Adhesive bonding of composite structures is an attractive alternative to using mechanical fasteners because both similar and dissimilar materials can be joined with a uniform stress distribution over the bonded area. Unfortunately, the structural health monitoring of adhesively bonded joints remains a major concern because bonded constructions are hard, if not impossible, to disassemble without causing further damage. Of the various non-destructive evaluation methods available [1] , chirped fibre Bragg Grating (CFBG) sensors have been investigated recently for damage monitoring in bonded composite joints [e.g. [2] [3] [4] . One important advantage of this kind of sensor is that it can both detect and monitor damage development in bonded joints. In previous work, quite long CFBG sensors have been used which extended the full length of the overlap of the joint, and the sensors were embedded within one of the adherends. In this paper, the effect of disbond propagation on the reflected spectra of a short CFBG sensor embedded within the adhesive bondline of a bonded composite joint is reported. The reflected spectra from the CFBG sensor were recorded and analysed with the disbond front at different positions within the joint. Figure 1 shows a schematic of the single lap joint used in this work, consisting of dissimilar composite adherends. One adherend was a glass fibre reinforced plastic (GFRP) and the other was a carbon fibre reinforced plastic (CFRP). The stacking sequence of the cross-ply GFRP and CFRP laminates were [0 4 /90 2 ] s and [0 2 /90/0 2 ] s , respectively. Details of the GFRP and CFRP laminate fabrication are given in references [2] [3] [4] . The joint was bonded with an epoxy adhesive, AV119, cured at 120 0 C, and a 10 mm CFBG sensor was embedded into the adhesive bondline of the joint during fabrication, with the low-wavelength end of the sensor located approximately 1 mm from the end of the CFRP adherend. A schematic of the joint is shown in figure 1 ; the CFRP and GFRP adherends were 20 mm wide. ends of the CFBG, respectively The optical interrogation system, which includes a broadband source and an optical spectrum analyser to record the spectra reflected by the CFBG, has been described in detail elsewhere [e.g. [2] [3] [4] . The joint was subjected to fatigue loading using a computer-controlled servo-hydraulic testing machine (Instron 1175) with a peak load of 8 kN, an R-value of 0.1, and a sinusoidal waveform with a frequency of 6 Hz. As a consequence of the fatigue loading, disbonds propagated from the cut end of the CFRP adherend. The cyclic loading was interrupted at increasing numbers of cycles in order (a) to record the position of the growing disbond front in the lap joint using an in-situ digital camera (the GFRP adherend was transparent), and (b) to record the reflected spectra of the CFBG sensor for different disbond lengths with the joint unloaded. Figure 2 shows the reflected spectrum of the bare CFBG sensor prior to embedding within the joint. The spectrum extends from approximately 1550 nm to 1552 nm, with a roughly constant intensity between these wavelengths which is a consequence of the linearly increasing grating spacing along the length of the CFBG sensor (unlike uniform FBGs, which have a constant grating spacing). The spectral bandwidth of the reflected spectrum (in this case about 2 nm) corresponds to the physical length of the grating (here about 10 mm). When the sensor was embedded within the adhesive bond of the joint and the joint was cooled to room temperature, the complete spectrum shifts to lower wavelength values as a consequence of the shrinkage of the CFRP/GFRP joint on cooling from 120 0 C to room temperature. Figure 2 also shows that when the joint is subjected to an increasing load (in this case, 3 kN and 5 kN), the spectrum shifts to higher values as the grating spacings increase with increasing applied load. Reflected spectra of the bare CFBG sensor before embedding, with the sensor embedded in the joint before cycling, and with the joint loaded to 3kN and 5kN. Figure 3 shows the overlap region of the bonded CFRP/GFRP joint after increasing numbers of cycles. After 4000 and 4500 cycles, no disbonding had occurred. However, after 5000 cycles, a disbond can be seen to initiate from the top left of the joint as viewed in Figure 3 (note that the disbond can be seen because the GFRP adherend is transparent). By 5,500 cycles, the disbond has extended across the width of the joint and is approximately 4.3 mm in length; by 5,603 cycles, the disbond is 4.6 mm in length.
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As the disbond grows, the reflected spectra change. Figure 4 shows that there is very little change in the shape and position of the reflected spectra up to, and including, 5000 cycles. However, for 5,500 and 5,603 cycles, two changes can be seen: first, the spectrum has shifted to higher wavelength values at the low-wavelength end of the spectrum and second, a peak has developed in the spectra at about 1551 nm. Examination of the fracture surfaces of the joint after the joint had failed showed that the disbond had propagated at the interface between the GFRP adherend and the adhesive, leaving the sensor bonded to the CFRP adherend. This observation helps to explain these results, as follows. When the disbond grows, the locked-in compressive thermal strains (as a consequence of curing the adhesive above room temperature and then cooling to room temperature) are released. Consequently, the grating spacings at the low-wavelength end of the sensor (adjacent to the growing disbond) increase, and the spectrum shifts to higher wavelengths. The peak in the reflected spectrum is also related to the release of the locked-in thermal strain. Just behind the disbond front, where the grating spacings have increased in size due to the release of the thermal strain, some grating spacings now have the same length as some grating spacings ahead of the disbond front, where disbonding has not yet occurred. The reflected intensity in the CFBG spectrum is related to the number of gratings with the same spacing; hence, a peak in the spectrum appears which corresponds to the position of the disbond front (a similar result has been analysed elsewhere for a GFRP/aluminium bonded joint with a sensor embedded within the GFRP adherend [4] ). (a) (b) Figure 5 . (a) Reflected spectra of the CFBG sensor, and (b) the corresponding positions of the disbond front. It is possible to determine, from the position of the peak in the reflected CFBG spectra, the position of the disbond according to the CFBG sensor measurements. This is because locations within the reflected spectra correspond to physical positions along the sensor length. Figure 6 shows a comparison of the position of the disbond as measured by the CFBG sensor with the position of the disbond as recorded by the in-situ photographs of the position of the disbond front; reasonably good agreement between these measurements can be seen. 
